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Lactobacillus casei cells grown in the presence of limiting folate contained large
amounts of a membrane-associated binding protein which mediates folate trans-
port. Binding to this protein at 4°C was time and concentration dependent and at
low levels (1 to 10 nM) of folate required 60 min to reach a steady state. The
apparent dissociation constant (Kd) for folate was 1.2 nM at pH 7.5 in 100 mM K-
phosphate buffer, and it varied by less than twofold when measured over a range
of pH values (5.5 to 7.5) or in buffered salt solutions of differing ionic composi-
tions. Conversely, removal of ions and their replacement with isotonic sucrose
(pH 7.5) led to a 200-fold reduction in binding affinity for folate. Restoration of the
high-affinity state of the binding protein could be achieved by the readdition of
various cations to the sucrose medium. Kd measurements over a range of cation
concentrations revealed that a half-maximal restoration of binding affinity was
obtained with relatively low levels (10 to 50 ,uM) of divalent cations (e.g., Ca2,
Mg2+, and ethylenediammonium2+ ions). Monovalent cations (e.g., Na+, K+, and
Tris+) were also effective, but only at concentrations in the millimolar range. The
Kd for folate reached a minimum of 0.6 nM at pH 7.5 in the presence of excess
CaCl2. In cells suspended in sucrose, the affinity of the binding protein for folate
increased 20-fold by decreasing the pH from 7.5 to 4.5, indicating that protons can
partially fulfill the cation requirement. These results suggest that the folate
transport protein ofL. casei may contain both a substrate- and cation-binding site
and that folate binds with a high affinity only after the cation-binding site has been
occupied. The presence of these binding sites would support the hypothesis that
folate is transported across the cell membrane via a cation-folate symport
mechanism.

Folate and structurally related compounds are
transported into Lactobacillus casei via a single,
high-affinity system which is regulated by the
level of folate in the growth medium (3, 5, 10,
12). The process is energy dependent and can be
classified as active since free folate can accumu-
late within the cells to levels that exceed the
extracellular concentration by several thousand-
fold (7). The energy source for transport has
been suggested from inhibitor studies to be an
energy-rich phosphate compound, rather than a
proton gradient or membrane potential generat-
ed by an energy-transducing ATPase (7). The
transport system comprises at least two cellular
components, a specific folate-binding protein (5,
6, 9) and a second factor that is also required for
the transport of thiamine and biotin (8). The
binding protein has been solubilized from the
membrane and purified to homogeneity (6, 9).
Distinguishing features ofthe binding protein are
that it is present in relatively large amounts and
can be easily quantitated in both intact cells and
membrane preparations (5, 9). In the present

study, cells depleted of energy reserves to pre-
vent substrate transport (7) were employed to
examine the interaction of folate with the binding
protein. It was observed that the ability of the
protein to bind folate is highly dependent upon
the presence of cations in the external medium.
The nature of this cation requirement suggests
that folate uptake may proceed in L. casei via a
cation-substrate cotransport mechanism.

MATEIUALS AND METHODS
Radolabeled folate. [3',5',9(n)-3H]folate (500 mCi/

mmol) was obtained from Amersham Corp. (Arlington
Heights, Ill.) and purified by thin-layer chromatogra-
phy on cellulose sheets (Eastman 6064), using 0.1 M
K-phosphate (pH 7.0) as the solvent.
Growth of cells. L. casei subsp. rhamnosis (ATCC

7469) cells were grown in the presence of limiting
amounts (2 nM) of folate for 16 h at 30°C as described
previously (7).
Bindig determinations. Folate-binding activity was

measured in freshly grown cells that had been washed
with 100 volumes of 100 mM K-phosphate (pH 7.5)
and incubated for 60 min at 230C to deplete energy
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reserves (7). Assay mixtures consisted of [3H]folate
(250,000 dpm/nmol), the desired additions, and ener-
gy-depleted cells (7 x 108) in a final volume of 14.0 ml.
After incubation at 4°C for 60 min (unless otherwise
stated), the cells were collected by centrifugation at
32,000 x g (5 min, 4°C), suspended in 0.25 ml ofwater,
and transferred to scintillation vials with the aid of two
4-ml samples of Cytoscint (Westchem Products, San
Diego, Calif.). Controls were prepared identically,
except that excess (100 FM) unlabeled folate was
added before the [3H]folate. After correction for the
control (which was usually less than 10%o of sample
values), results were expressed in nanomoles of folate
bound per 1010 cells. The dry weight of the latter was
approximately 2.2 mg. Intracellular concentrations of
folate were calculated from a cell volume of 2.4 x
10-12 ml (7).

RESULTS
Kinetics of folate binding. The uptake offolate

by L. casei cells occurs in two distinct phases, a
rapid binding of folate to the transport protein,
followed by a much slower, glucose-dependent
internalization of the vitamin (7). In the present
study, the initial binding step was examined in
the absence of substrate transport by performing
the measurements at low temperature (5, 9) and
by employing cells depleted of energy reserves
(7). The rate offolate binding to energy-depleted
cells (at 4°() is shown in Fig. 1. At 25 nM folate,
maximum binding was achieved within 10 min,
whereas the time interval required to reach a
steady state increased to 60 min when the folate
concentration was reduced to 2 nM.~~~~25 nM
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FIG. 1. Concentration dependence for the rate of

folate binding at 4°C in energy-depleted cells. Bound
substrate was determined (see the text) as a function of
time at the indicated initial concentrations of folate.
Suspending medium, 0.1 M K-phosphate, pH 7.5.
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FIG. 2. Folate bound as a function of substrate
concentration. Folate-binding activity was determined
as described in the text and plotted as a function of the
concentration of free (unbound) folate. Inset, double-
reciprocal plot of bound versus free folate. Incubation
conditions, 60 min at 4°C; suspending medium, 0.1 M
K-phosphate, pH 7.5.

When folate-binding activity at the steady
state (60 min, 4°C) was measured over a range of
folate concentrations, the results shown in Fig. 2
were obtained. The ability to bind folate was a
saturable process, and from a double-reciprocal
plot of the data (inset, Fig. 2), the dissociation
constant (Kd) for folate was determined to be 1.2
nM. Maximum binding activity was 0.37 nmol/
1010 cells.

Effect ofmedia composition on the Kdfor folate.
The above binding determinations were per-
formed with cells suspended in 100 mM K-
phosphate buffer, pH 7.5. When these same
measurements were carried out with media of
differing ionic compositions (pH 7.5), the Kd for
folate was found to remain essentially un-
changed (Table 1). Conversely, the binding pro-
tein of cells suspended in isotonic sucrose exhib-
ited a substantial reduction (ca. 200-fold) in
affinity for folate, although total binding activity
was not affected by the transfer of cells to the
sucrose medium (data not shown). When 100
mM KCl was added to cells that had been
incubated for 60 min in sucrose (pH 7.5), the
binding protein returned to its high-affinity state.

Effect of pH on the Kd for folate. Kd values
measured in various buffered saline solutions as
a function ofpH are shown in Fig. 3. A minimum
Kd for folate 1.2 nM was observed at pH 6.5,
whereas progressively higher values were ob-
tained as the pH was reduced to 4.5 or increased
to 8.5. A substantially different pH profile was
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TABLE 1. Effect of medium composition on the
affinity of the binding protein for folate'

Medium
composition Concn (mM) Kd (nM)
(pH 7.5)

K-Phosphate 100 1.2
KCl 100 1.6
NaCl 100 1.9
Tris-chloride 100 2.5
Sucrose 250 300
Sucrose plus KCl 250 1.0

100
a Cells were suspended in the indicated solutions

(pH 7.5) and incubated for 60 min at 4°C in the
presence of variable concentrations of folate. The Kd
for folate was then calculated from a double-reciprocal
plot of bound versus free folate.

observed in cells suspended in 250 mM sucrose
(Fig. 3). In the latter case, the Kd for folate
exhibited a minimum at the lowest pH tested
(4.5) and increased at higher pH values.

Cation dependence for folate binding. The data
in Table 1 show that the binding protein of cells
suspended in sucrose, which exhibits a low
affinity for folate, can be restored to a high-
affinity state by the addition of 100 mM KCI. To
assess the concentration dependence of this
change in affinity, Kd values for folate were
measured in the presence of various amounts of
added KCl. It was observed (Fig. 4) that milli-
molar concentrations of KCI were required to
substantially increase the affinity of the protein
for folate. NaCl was comparable to KCI in this
respect, whereas CaCl2 and MgCl2 were effec-
tive at much lower concentrations. When excess
(4 mM) CaCl2 or MgCl2 was present in the
incubation medium, the Kd for folate decreased
to 0.6 nM (from 1.2 nM in K-phosphate buffer).
The differential effects observed with the chlo-

ride salts of K+, Na+, Ca2+, and Mg2+ showed
that cations were the important species in pro-
moting the binding of folate and that divalent
cations were much more effective than monova-
lent cations. The relative effectiveness of these
ions was quantitated by comparing cation levels
required to lower log Kd to one-half the sum of
log Kd (maximum) and log Kd (minimum). The
latter concentration was calculated (at pH 7.5) to
be 13.5 nM from the binding affinity for folate in
cells suspended in sucrose alone (Kd = 300 nM)
and in sucrose plus 4 mM CaCiZ(Kd= 0.6 nM).
The data in Fig. 4 show that Cae+ and Mg2epro-
duced this half-maximal increase in affinity at
concentrations of 14 and 50 FM, respectively,
whereas the level of K+ required to exhibit the
same half-maximal effect was 10 mM.
From Kd measurements as a function ofcation

concentration (Fig. 4), various other organic and
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FIG. 3. pH dependence of the dissociation con-
stant (Kd) for folate. Kd values were determined (see
inset, Fig. 2) in either 250 mM sucrose adjusted to the
indicated pH with HCI or KOH or in 100 mM KCI
containing the following buffer solutions: 20 mM K-
acetate (pH 4.5 and 5.5); 20 mM K-phosphate (pH 6.5
and 7.5); and 20 mM K-bicarbonate (pH 8.5).

inorganic monovalent and divalent cations were
evaluated for the ability to enhance the affinity
of the binding protein for folate. It was observed
(Table 2) that divalent cations of diverse struc-
ture were each effective in the 10 to 50 FaM
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FIG. 4. Enhancement in binding affinity (Kd value)
for folate as a function of cation concentration in cells
suspended in isotonic sucrose. Kd values were deter-
mined as described in the legend to Fig. 2 in cells
suspended in 250 mM sucrose (pH 7.5) containing the
indicated additions.
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TABLE 2. Relative effectiveness of cations in
restoring the high-affinity state of the binding

proteina
Concn (giM) for

Cation half-maximal binding
affinity for folate

K+ .......................... 10,000
Na:.. 13,00
NH4+ .2.5..000..............,@F
Ethylammonium . .......... 14,000
Tris .................... 25,000
Tnrphenylmethylphosphonium' . 7,000
Z...................50

Ca+. ................... 14
Zn2 . ................... 32
M.n2..................... 34
Ethylenediammonium2e ....... 29

a The cation concentration required to give a half-
maximal affinity (Kd) for folate was determined from a
plot (Fig. 4) of Kd versus the concentration of the
chloride salt of the indicated cation. Half-maximal
binding affinity is defined as the Kd for folate at which
its log is equal to one-half the sum of log Kd (maxi-
mum) and log Kd (minimum). Under the conditions
employed, the Kd for folate exhibited a maximum of
300 nM in sucrose alone and a minimum of 0.6 nM in
sucrose plus 4 mM CaCl2 and thus was half maximal
when it reached a value of 13.5 nM. Suspending
medium, isotonic sucrose, pH 7.5.

range, whereas monovalent anions invariably
showed a half-maximal effect at levels that ex-
ceeded 5 mM.
The cation dependence of the Kd for folate

was also assessed at pH 5.5. Employing Mg2+
and K+ as representative cations, a half-maxi-
mal increase in binding affinity was achieved at
concentations of MgCl2 and KCI (42 ,uM and 10
mM, respectively) which were essentially the
same as those obtained at pH 7.5 (Table 2). In
this case, Kd values for folate ranged from 30 nM
in sucrose alone to 0.5 nM in sucrose plus 4 mM
MgCl2, and a half-maximal affinity was repre-
sented by a Kd value of 4.0 nM.

DISCUSSION
L. casei cells contain relatively large amounts

of a folate-binding protein that is a functional
component of the folate transport system (5, 6,
9). This protein is an unusually hydrophobic,
integral membrane component (5, 6, 9), and thus
is probably also the carrier offolate into the cell.
The high affinity of this protein for folate (Kd = 1
nM) allows the cells to bind the vitamin when it
is present in trace amounts in the environment,
although this efficient binding step is partially
offset by the exceedingly slow rate of folate
transport (0.8 molecules per min per binding site
at 30°C). The folate transport system of L. casei
thus conforms to an emerging pattern that trans-
port proteins with a high affinity for a given

substrate mediate substrate transport at a rela-
tively slow rate (14). This property may be
related to the difficulty of unloading substrates
from high-affinity carrier proteins when their
binding sites are exposed to the inner membrane
surface (13).
The folate transport protein of L. casei exhib-

its a relatively usual property; it can be quanti-
tated in intact cells without the complication of
substrate transport into the cell interior. The
ability to separate binding from transport has
been possible because of a combination of vari-
ous properties of this system. Ofprimary impor-
tance is the fact that the binding protein is
present in large amounts per cell (5, 6, 9) and
exhibits a very high affinity for folate (Fig. 2 and
Table 1). This enables binding measurements to
be performed under conditions in which the
specific association of substrate with the cells is
usually 10-fold greater than the nonspecific com-
ponent. Moreover, with this high level of bind-
ing activity, the potential contribution by an
energy-independent equilibration of folate
across the membrane would be negligible (less
than 1% relative to total uptake) at the extracel-
lular folate concentrations (1 to 50 nM) em-
ployed in these binding measurements. The sec-
ond major factor has been the ability to block the
energy-dependent transport of folate by lower-
ing the temperature to 4°C (5) and by using cells
depleted of energy reserves (7). This lack of
folate transport is indicated in the present study
(Fig. 1) by the absence of a time-dependent
uptake component subsequent to the initial bind-
ing step. A close correlation has also been
established between the folate-binding activity
in intact cells and the amount of Triton-extract-
able binding protein (5).
Measurements in the present study have dem-

onstrated that the folate transport protein exhib-
its a high and relatively constant affinity for
folate when the cells are suspended in buffers of
various pH values (Fig. 3) and ionic composi-
tions (Table 1). Conversely, removal of ions and
their subsequent replacement with isotonic su-
crose leads to a substantial reduction (200-fold at
pH 7.5) in substrate-binding affinity (Table 1 and
Fig. 3). The protein is not irreversibly denatured
under these conditions since the high-affinity
state can be restored by the readdition of various
ions to the medium. A comparison of the chlo-
ride salts of various cations showed that the
restoration process is specific for cations and
that divalent cations such as Ca2", Mg2+, and
the ethylenediammonium2+ ion are effective at
100-fold-lower concentrations than K+, Na+, or
other monovalent cations (Table 2 and Fig. 4). A
variety of divalent cations were shown to be
similar in their ability to promote folate binding,
suggesting that the activation process is depen-
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dent primarily upon the charge and not the size
of cations. It is concluded from these results that
cations may have a direct role in the binding and
thus also the transport of folate into L. casei.
A possible role for cations in folate transport

could be to maintain electroneutrality during the
uptake process. Folate compounds and other
divalent anions must enter bacterial cells against
a substantial membrane potential (interior nega-
tive). The latter exceeds -150 mV in both L.
casei (7) and other bacterial cells (1, 2, 11) and
thus would represent a force which could poten-
tially prevent folate compounds from crossing
the cell membrane. One method for neutralizing
the effect of the membrane potential would be to
mediate an obligatory exchange of intracellular
folate compounds for intracellular anions of
equal charge, a process that has been suggested
to occur in L1210 mouse cells (4). Electroneu-
trality could also be maintained by the simulta-
neous uptake of folate along with either a diva-
lent cation or two monovalent cations. In
molecular terms, this could be achieved if the
carrier protein had functional binding sites for
both folate and cations. If the latter occurs in L.
casei, then the role of cations in folate uptake
would presumably be restricted to balancing
charge movement across the membrane and
would not extend to the energy-coupling step
since this transport system does not appear to be
driven by an ion gradient (7). Protons can pro-
mote folate binding at low pH (Fig. 3), although
the binding preference for other cations would
suggest that proton-folate cotransport does not
occur to a significant extent even at pH 4.5.
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